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KEY DEFINITIONS

Catabolism: The sum of all the metabolic processes by which complex
molecules are broken down to simpler ones, including the processes by
which molecules are broken down to yield cellular energy.

Anabolism: The sum of all the metabolic processes by which complex

biomolecules are built up from simpler ones. In general, these processes

consume rather than produce cellular energy.

Intermediary Metabolism: All reactions concerned with storing and

generating metabolic energy and with using that energy in biosynthesis

of low-molecular weight compounds and energy storage compounds.

Not included are nucleic acid and protein biosynthesis from monomeric

precursors.

Aerobic Organisms: Organisms that use oxygen.

Anaerobic Organisms: Organisms that do not require oxygen to

survive. Some of these organisms will die if placed in an oxygen

environment.

Metabolism: The totality of the chemical reactions that occur in an

organism

Autotrophs: Organisms that synthesize glucose and all of their other organic

compounds from inorganic carbon, supplied as CO2 (e.g., most plants).
Organisms that can synthesize their organic metabolites only

from other organic compounds, which they must therefore consume (e.g.,

animals).
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OPTIONAL ASSIGNMENT 1

Prepare a description of the diseases that can be caused
by mitochondrial defects or misfunctions.




Colegio Altair Created by Gerardo LAZARO

OPTIONAL ASSIGNMENT 1

Prepare a Prezi presentation about the origin of
eukaryotic based on the article "The Birth of Complex
Cells" and other sources of information.

@@Click here for the Article
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Energy in Cells

e Living things need energy in order to stay in good state, repair,

or maintain their homeostasis, or the order and balance when
the environment changes.

e Every organism must maintain homeostasis as long as it lives.
 Therefore, organisms require a constant source of energy.




Colegio Altair Created by Gerardo LAZARO

Chemical Energy

e Organisms use and store energy in the chemical bonds of
organic compounds.

e Almost all of the energy in organic compounds comes
from the sun.

e Solar energy enters living systems when plants, algae, and
certain prokaryotes (Cyanobacteria) use sunlight to make
organic compounds from carbon dioxide and water through
the process of photosynthesis.

* The organisms that perform photosynthesis, are called
autotrophs.
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Metabolism and the Carbon Cycle

e Metabolism involves either using energy to build or

breaking down organic molecules in which energy is
stored.

e Organic molecules contain carbon. Therefore, an
organism's metabolism is part of Earth's carbon cycle.
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Carbon Cycle

 The Carbon cycle not only makes carbon compounds

continuously available in an ecosystem but also delivers
chemical energy to organisms living within that ecosystem.

PHOTOSYNTHESIS CELLULAR RESPIRATION
Energy enters an ecosystem Organisms extract energy stored in
when organisms use sunlight glucose through the process of cellular

during photosynthesis to convert respiration. Cells convert the carbon
stable carbon dioxide into glucose, in glucose into stable carbon dioxide
a less stable carbon compound. and produce energy.
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ANIMATION

Photosynthesis
http://goo.gl/Ynidp
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ANIMATION
Cellular Respiration
http://goo.gl/xuhLL'T
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Transferring Energy

e In chemical reactions, energy can be released or absorbed
during the breaking and forming of bonds.

e In cells, chemical energy is gradually released in a series of
chemical reactions that are assisted by enzymes.

e Enzymes are proteins that act as catalysts in biochemical
reactions.

13
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ATP

* When cells break down food molecules, some of the energy
in the molecules is released as heat. Cells use much of the
remaining energy to make ATP (Adenosyl TriPhosphate).

e When glucose is broken down during cellular respiration,
energy is stored temporarily in molecules of ATP.

e ATP can be used to power chemical reactions. ATP is a
portable form of energy ("energy coin").

* The reaction in which ATP is converted to ADP requires a

small input of energy, but much more energy is released than
is used during the reaction.

ATP«——ADP + P + energy

14
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GLYCOLYSIS

e The primary fuel for cellular respiration is glucose, which is formed
when carbohydrates are broken down, such as: starch and sucrose.

» |f carbohydrates are scarce to meet an organism's energy needs,
other molecules, such as fats, can be broken down to make ATP.

* |n fact, fat releases more energy than carbohydrates do.

e Glycolysis has 3 steps: Breaking down Glucose, NADH Production
and Pyruvate Production.

Glycogen in Animals

Types of Polysaccharides

Starch in Plants

20
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GLYCOLYSIS

e The primary fuel for cellular respiration is glucose, which is formed
when carbohydrates are broken down, such as: starch and sucrose.

e |f carbohydrates are scarce to meet an organism's energy needs,
other molecules, such as fats, can be broken down to make ATP.

* |n fact, fat releases more energy than carbohydrates do.

e Glycolysis has 3 steps: Breaking down Glucose, NADH Production
and Pyruvate Production.

21
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ANIMATION
Glycolysis
www.johnkyrk.com
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ANIMATION

Glucose 1n Water
http://goo.gl/gvDmr
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ANIMATION
Cellular Respiration Overview
http://goo.gl/J5zJU

CELLULAR RESPIRATION
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GLYCOLYSIS

ANIMATION
Glycolysis: Step by Step
http://g00.gl/US59F



Colegio Altair

ANIMATION
Glycolysis: John Kyrk
http://goo.gl/qHJjx
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Reaction
Details

Introduction Overview Summary

|

Glyceraldehyde-
3-phosphate

Iycolysis

f

Glycolysis is a central metabolic pathway
involving metabolism of the sugar glucose.
Glucose is usually derived from the energy
storage polysaccharides (glycogen) or dietary
carbohydrates. Reactions of glycolysis occur
solely in the cytosol of the cells.

29
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ANIMATION
Electron Transport Chain
http://goo.gl/lmoyV
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VIDEO
Electron Transport Chain
http://bit.1y/9J1lud]
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ATP Synthase

e ATP Synthase is an enzyme that catalyzes the synthesis of
ATP, recycles ADP by bonding a third phosphate group to
the molecule.

e ATP Synthase acts as both an enzyme and a carrier protein
for hydrogen (H") ions.

e The flow of H" ions through ATP Synthase powers the
production of ATP.

e Atp Synthase catalyzes a reaction in which a phosphate
group is added to a molecule of ADP to make ATP.

33
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The top of the ATP synthase
complex rotates in small
increments as prolons pass
through it. Three of these
rotations are required fo
produce one ATP molecule.
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VIDEO
ATP Synthase
http://goo.gl/T9JxI
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Summary of Glycolysis and Cellular Respiration
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glucose Glycolysis Acetyl CoA Krebs Cycle
2 pyruvate 2 acetyl CoA 420,
2 ATP 2C0, 2 ATP
2 MNADH 2MADH 5 NADH
2 FADH,
Pathwav Substrate-Level Oxidative Total
*  |Phosphorvlation| Phosphorvlation ATP
Glycolysis 2ATP 2NADH=4-6 ATP* |6 - 8%
CoA IZNADH=6ATP 6
6 NADH = 18 ATP
. 5 oy
Krehs Cycle 2ATP 2 FADH, = 4 ATP 24
TOTAL 4 ATP 32 ATP |36 - 38
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FERMENTATION

e Many prokaryotes live entirely on the energy released in

glycolysis.

e Glycolysis produces 2 ATP molecules and one molecule of
:> the electron carrier NADH, which must be able to transfer its
electrons to an acceptor so that NAD" is continuously
available.
e Under anaerobic conditions, the electron transport chain
does not work.
e Organisms must have another way to recycle NAD".
 The process in which carbohydrates are broken down in

the absence of oxygen, called , recycles the
NAD" that is needed to continue making ATP through
glycolysis.

38
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Lactic Acid Fermentation (LAF)

 The end products of glycolysis are 3 carbon pyruvate
molecules, which is converted to lactic acid.

e LAF occurs in the muscles of animals, including humans.

e During vigorous exercise, muscle cells must operate without
enough oxygen.

* So, glycolysis becomes the only source of ATP as long as the
glucose supply lasts.
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Alcoholic Fermentation (AF)

* In other organisms, an enzyme removes carbon dioxide from
the 3-carbon pyruvate to form a 2-carbon molecule.

* Then, a second enzyme adds electrons and hydrogen from
NADPH to the molecule to form ethanol.

* In this process, NAD" is recycled and glycolysis can continue
to produce ATP.

| When osopgen is not present, cells recycla NADT through fermentation,
In lactic acid fermentation, pyruvate s converted to lactatbe. In alcoholic fermentation, pyruvate is broken down
to ethanol, releasing carbon dioxide, CO.,.
Glucose Blycolysis Pyruwate Ghoose | Glycalysis | Pyruvate
MAaD* MADH + H* NAD” NADH + H° Toe
Lactate | Ethanol 2-carbon
[ | Ccompoun:
Lactic acid fermentation #Alcoholic fermentation
http://bit.ly/ZS{q9

40
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ANIMATION
Metabolic Pathways
http://goo.gl/2VoD3
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ANIMATION
How the Krebs Cycle works
http://goo.gl/FLdDJ
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DECOMPOSITION

VIDEO
Decomposition
http://g00.gl/ZO0ZWN
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Additional Links

http://www.sci.uidaho.edu/bionet/biol115/t4 energy/lessonl.htm#Glycolysis
3

http://www.wiley.com/legacy/college/boyer/0470003790/animations/animations.htm
a

http://nhscience.lonestar.edu/biol/glylysis/glylysis.html
3
http://www.ruf.rice.edu/~bioslabs/studies/mitochondria/mitopoisons.html
3

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/C/CellularRespiration.html
3

44


http://www.sci.uidaho.edu/bionet/biol115/t4_energy/lesson1.htm#glycolysis
http://www.wiley.com/legacy/college/boyer/0470003790/animations/animations.htm
http://nhscience.lonestar.edu/biol/glylysis/glylysis.html
http://www.ruf.rice.edu/~bioslabs/studies/mitochondria/mitopoisons.html
http://users.rcn.com/jkimball.ma.ultranet/biologypages/c/cellularrespiration.html
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Teacher's Notes

This class has been designed to cover the topic of Cellular Respiration
from Monday, September 5th till Friday, September 9th.

For further knowledge about this topic:

1. Conduct a thorough search under the topic: Cellular Respiration on the
Web, books and magazines.

2. If findings are not specific, ask your teacher for suggestions.

BACK
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Vocabulary

e Glucose:

e Anabolism:
e Catabolism:
e Metabolism:
e Poison:

e Cvanide:

Note: Most of the vocabulary words will be covered during class time,
however the student must be responsible for those words

not covered or concluded.
BACK

47



Colegio Altair Created by Gerardo LAZARO

Link and Learn

You can visit the following websites to improve your
understanding on the present topic:

» http://science-altair.wikispaces.com
e http://learningandscience.blogspot.com
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Q  The Birth of Complex Cells - SciAm - 1996.pdf



The Birth of Complex Cells

Humans, together with all other animals, plants and fungi,
owe their existence to the momentous transformation of tiny,
primitive bacteria into large, intricately organized cells

bout 3.7 billion years ago the
first living organisms appeared
on the earth. They were small,
single-celled microbes not very different
from some present-day bacteria. Cells of
this kind are classified as prokaryotes
because they lack a nucleus (karyon in
Greek), a distinct compartment for their
genetic machinery. Prokaryotes turned
out to be enormously successful. Thanks
to their remarkable ability to evolve and
adapt, they spawned a wide variety of
species and invaded every habitat the
world had to offer.

The living mantle of our planet would
still be made exclusively of prokaryotes
but for an extraordinary development
that gave rise to a very different kind of
cell, called a eukaryote because it pos-
sesses a true nucleus. (The prefix eu is
derived from the Greek word meaning
“good.”) The consequences of this event
were truly epoch-making. Today all mul-
ticellular organisms consist of eukary-
otic cells, which are vastly more complex
than prokaryotes. Without the emer-
gence of eukaryotic cells, the whole vari-
egated pageantry of plant and animal life
would not exist, and no human would
be around to enjoy that diversity and to
penetrate its secrets.

Eukaryotic cells most likely evolved
from prokaryotic ancestors. But how?
That question has been difficult to ad-
dress because no intermediates of this
momentous transition have survived or
left fossils to provide direct clues. One
can view only the final eukaryotic prod-
uct, something strikingly different from

PROKARYOTIC AND EUKARYOTIC CELLS
differ in size and complexity. Prokaryotic cells (right)

by Christian de Duve

any prokaryotic cell. Yet the problem is
no longer insoluble. With the tools of
modern biology, researchers have uncov-
ered revealing kinships among a num-
ber of eukaryotic and prokaryotic fea-
tures, thus throwing light on the man-
ner in which the former may have been
derived from the latter.

Appreciation of this astonishing evo-
lutionary journey requires a basic un-
derstanding of how the two fundamen-
tal cell types differ. Eukaryotic cells are
much larger than prokaryotes (typically
some 10,000 times in volume), and their
repository of genetic information is far
more organized. In prokaryotes the en-
tire genetic archive consists of a single
chromosome made of a circular string of
DNA that is in direct contact with the
rest of the cell. In eukaryotes, most DNA
is contained in more highly structured
chromosomes that are grouped within
a well-defined central enclosure, the nu-
cleus. The region surrounding the nu-
cleus (the cytoplasm) is partitioned by
membranes into an elaborate network
of compartments that fulfill a host of
functions. Skeletal elements within the
cytoplasm provide eukaryotic cells with
internal structural support. With the
help of tiny molecular motors, these el-
ements also enable the cells to shuffle

are normally about one micron across, whereas eu-
karyotic cells typically range from 10 to 30 microns.

The latter, here represented by a hypothetical green
alga (far right), house a wide array of specialized

structures—including an encapsulated nucleus con-

taining the cell’s main genetic stores.

50  ScienTIFIC AMERICAN April 1996

Copyright 1996 Scientific American, Inc.

their contents and to propel themselves
from place to place.

Most eukaryotic cells further distin-
guish themselves from prokaryotes by
having in their cytoplasm up to several
thousand specialized structures, or or-
ganelles, about the size of a prokaryotic
cell. The most important of such organ-
elles are peroxisomes (which serve as-
sorted metabolic functions), mitochon-
dria (the power factories of cells) and, in
algae and plant cells, plastids (the sites
of photosynthesis). Indeed, with their
many organelles and intricate internal
structures, even single-celled eukaryotes,
such as yeasts or amoebas, prove to be
immensely complex organisms.

The organization of prokaryotic cells
is much more rudimentary. Yet prokary-
otes and eukaryotes are undeniably re-
lated. That much is clear from their
many genetic similarities. It has even
been possible to establish the approxi-
mate time when the eukaryotic branch
of life’s evolutionary tree began to de-
tach from the prokaryotic trunk. This
divergence started in the remote past,
probably before three billion years ago.
Subsequent events in the development
of eukaryotes, which may have taken as
long as one billion years or more, would
still be shrouded in mystery were it not

PROKARYOTIC CELLS

The Birth of Complex Cells





for an illuminating clue that has come
from the analysis of the numerous or-
ganelles that reside in the cytoplasm.

A Fateful Meal

iologists have long suspected that

mitochondria and plastids descend
from bacteria that were adopted by some
ancestral host cell as endosymbionts (a
word derived from Greek roots that
means “living together inside™). This the-
ory goes back more than a century. But
the notion enjoyed little favor among
mainstream biologists until it was re-
vived in 1967 by Lynn Margulis, then at
Boston University, who has since tire-

The Birth of Complex Cells

E

lessly championed it, at first against
strong opposition. Her persuasiveness
is no longer needed. Proofs of the bac-
terial origin of mitochondria and plas-
tids are overwhelming.

The most convincing evidence is the
presence within these organelles of a
vestigial—but still functional—genetic
system. That system includes DNA-
based genes, the means to replicate this
DNA, and all the molecular tools need-
ed to construct protein molecules from
their DNA-encoded blueprints. A num-
ber of properties clearly characterize this
genetic apparatus as prokaryotelike and
distinguish it from the main eukaryotic
genetic system.

- Copyri'gljf 1996 Scientific American, Inc.

Endosymbiont adoption is often pre-
sented as resulting from some kind of
encounter—aggressive predation, peace-
ful invasion, mutually beneficial associ-
ation or merger—between two typical
prokaryotes. But these descriptions are
troubling because modern bacteria do
not exhibit such behavior. Moreover,
the joining of simple prokaryotes would
leave many other characteristics of eu-
karyotic cells unaccounted for. There is
a more straightforward explanation,
which is directly suggested by nature it-
self—namely, that endosymbionts were
originally taken up in the course of feed-
ing by an unusually large host cell that
had already acquired many properties

EUKARYOTIC CELL
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First Steps in the Evolution of a Eukaryotic Cell

CELL WALL
DNA LOOP

NAKED MEMBRANE

e

o
ol =

LOSS OF CELL WALL probably occurred first. The resultant o
cell was bounded only by a flexible membrane bearing many / : 4—.'“:% ¥
ribosomes (black dots)—sites of protein assembly that "r’

serve here to synthesize externally shed digestive enzymes.

The transformation of a prokaryote to a eukaryotic cell may have begun with
the series of changes depicted on these two pages.

CONVOLUTION

.

4 &

T
I-. .

CONVOLUTION of the cell membrane enabled the cell to
grow larger because the resulting folds increased surface
area for the absorption of nutrients from the surrounding
food supply (green). At this point, digestive enzymes broke
down material only outside the cell.

now associated with eukaryotic cells.

Many modern eukaryotic cells—
white blood cells, for example—entrap
prokaryotes. As a rule, the ingested mi-
croorganisms are killed and broken
down. Sometimes they escape destruc-
tion and go on to maim or kill their cap-
tors. On a rare occasion, both captor
and victim survive in a state of mutual
tolerance that can later turn into mutual
assistance and, eventually, dependency.
Mitochondria and plastids thus may
have been a host cell’s permanent guests.

If this surmise is true, it reveals a great
deal about the earlier evolution of the
host. The adoption of endosymbionts
must have followed after some prokary-
otic ancestor to eukaryotes evolved into
a primitive phagocyte (from the Greek
for “eating cell”), a cell capable of en-
gulfing voluminous bodies, such as bac-
teria. And if this ancient cell was any-
thing like modern phagocytes, it must
have been much larger than its prey and
surrounded by a flexible membrane able
to envelop bulky extracellular objects.
The pioneering phagocyte must also have
had an internal network of compart-
ments connected with the outer mem-
brane and specialized in the processing
of ingested materials. It would also have
had an internal skeleton of sorts to pro-

52 ScienTIFIC AMERICAN April 1996

vide it with structural support, and it
probably contained the molecular ma-
chinery to flex the outer membrane and
to move internal contents about.

The development of such cellular
structures represents the essence of the
prokaryote-eukaryote transition. The
chief problem, then, is to devise a plausi-
ble explanation for the progressive con-
struction of these features in a manner
that can be accounted for by the opera-
tion of natural selection. Each small
change in the cell must have improved
its chance of surviving and reproducing
(offered a selective advantage) so that
the new trait would become increasing-
ly widespread in the population.

Genesis of an Eating Cell

hat forces might drive a primitive

prokaryote to evolve in the direc-
tion of a modern eukaryotic cell? To ad-
dress this question, I will make a few as-
sumptions. First, I shall take it that the
ancestral cell fed on the debris and dis-
charges of other organisms; it was what
biologists label a heterotroph. It there-
fore lived in surroundings that provided
it with food. An interesting possibility is
that it resided in mixed prokaryotic col-
onies of the kind that have fossilized into

Copyright 1996 Scientific American, Inc.

INTRACELLULAR
VESICLE

INWARD FOLDING of the membrane aIIowed':':
pockets to pinch off, forming isolated interi-
or compartments. Digestion then occurred
both outside and inside the cell. Internaliza-
tion of the patch of membrane to which DNA
was anchored created a sac with DNA at-

tached—a precursor of the cell nucleus.

layered rocks called stromatolites. Living
stromatolite colonies still exist; they are
formed of layers of heterotrophs topped
by photosynthetic organisms that multi-
ply with the help of sunlight and supply
the lower layers with food. The fossil rec-
ord indicates that such colonies already
existed more than 3.5 billion years ago.

A second hypothesis, a corollary of
the first, is that the ancestral organism
had to digest its food. I shall assume that
it did so (like most modern heterotroph-
ic prokaryotes) by means of secreted
enzymes that degraded food outside the
cell. That is, digestion occurred before
ingestion.

A final supposition is that the organ-
ism had lost the ability to manufacture

The Birth of Complex Cells





ACTIN FIBERS

a cell wall, the rigid shell that surrounds
most prokaryotes and provides them
with structural support and protection
against injury. Notwithstanding their
fragility, free-living naked forms of this
kind exist today, even in unfavorable
surroundings. In the case under consid-
eration, the stromatolite colony would
have provided the ancient organism with
excellent shelter.

Accepting these three assumptions,
one can now visualize the ancestral or-
ganism as a flattened, flexible blob—al-

MICROTUBULES '

EMERGENCE OF SKELETAL ELEMENTS made up of
fibers and microtubules lent internal support to
the growing cell and enabled it to flex the outer
membrane and move material about. The cell, new-
ly freed from its food supply, became proficient at
enveloping large particles and digesting them in-
ternally. It eventually absorbed all its food in this
fashion, using enzymes that were delivered to di-
gestive sacs by way of an expanding network of in-
terior compartments. Some of these compart-
ments flattened and surrounded the increasing
quantity of DNA.

The Birth of Complex Cells

most protean in its ability to change
shape—in intimate contact with its food.
Such a cell would thrive and grow fast-
er than its walled-in relatives. It need
not, however, automatically respond to
growth by dividing, as do most cells. An
alternative behavior would be expansion ~ property—large size—can be account-
and folding of the surrounding mem-
brane, thus increasing the surface avail-
able for the intake of nutrients and the
excretion of waste—limiting factors on
the growth of any cell. The ability to cre-
ate an extensively folded surface would

Copyright 1996 Scientific American, Inc.

allow the organism to expand far be-
yond the size of ordinary prokaryotes.
Indeed, giant prokaryotes living today
have a highly convoluted outer mem-
brane, probably a prerequisite of their
enormous girth. Thus, one eukaryotic

ed for simply enough.

Natural selection is likely to favor ex-
pansion over division because deep folds
would increase the cell’s ability to ob-
tain food by creating partially confined
areas—narrow inlets along the rugged

FLAGELLUM

D

ENDOPLASMIC
RETICULUM

NUCLEAR
ENVELOPE

GOLGI
APPARATUS

“SECRETION
GRANULE

PRIMITIVE PHAGOCYTE, an “eating cell,” ultimately developed from the sequence of in-
cremental evolutionary advances. This cell used flagella, seen as whiplike projections,
for propulsion. The phagocyte also acquired a true nucleus (as the compartments sur-
rounding the DNA fused together), along with an increasingly complex family of cellular
structures that evolved from internalized parts of the cell membrane.
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cellular coast—within which high con-
centrations of digestive enzymes would
break down food more efficiently. Here
is where a crucial development could
have taken place: given the self-sealing
propensity of biological membranes
(which are like soap bubbles in this re-
spect), no great leap of imagination is
required to see how folds could split off
to form intracellular sacs. Once such a
process was initiated, as a more or less
random side effect of membrane expan-
sion, any genetic change that would
promote its further development would
be greatly favored by natural selection.
The inlets would have turned into con-
fined inland ponds, within which food
would now be trapped together with the
enzymes that digest it. From being ex-
tracellular, digestion would have become
intracellular.

Cells capable of catching and process-

ing food in this way would have gained
enormously in their ability to exploit
their environment, and the resulting
boost to survival and reproductive po-
tential would have been gigantic. Such
cells would have acquired the funda-
mental features of phagocytosis: engulf-
ment of extracellular objects by infold-
ings of the cell membrane (endocyto-
sis), followed by the breakdown of the
captured materials within intracellular
digestive pockets (lysosomes). All that
came after may be seen as evolutionary
trimmings, important and useful but
not essential. The primitive intracellular
pockets gradually gave rise to many spe-
cialized subsections, forming what is
known as the cytomembrane system,
characteristic of all modern eukaryotic
cells. Strong support for this model
comes from the observation that many
systems present in the cell membrane of

prokaryotes are found in various parts
of the eukaryotic cytomembrane system.

Interestingly, the genesis of the nucle-
us—the hallmark of eukaryotic cells—
can also be accounted for, at least sche-
matically, as resulting from the internal-
ization of some of the cell’s outer
membrane. In prokaryotes the circular
DNA chromosome is attached to the
cell membrane. Infolding of this partic-
ular patch of cell membrane could cre-
ate an intracellular sac bearing the chro-
mosome on its surface. That structure
could have been the seed of the eukary-
otic nucleus, which is surrounded by a
double membrane formed from flattened
parts of the intracellular membrane sys-
tem that fuse into a spherical envelope.

The proposed scenario explains how
a small prokaryote could have evolved
into a giant cell displaying some of the
main properties of eukaryotic cells, in-

Final Steps in the Evolution of a Eukaryotic Cell

Aﬂoption of prokaryotes as permanent guests with-
in larger phagocytes marked the final phase in
the evolution of eukaryotic cells. The precursors to per-
oxisomes (beige, left) may have been the first prokary-
otes to develop into eukaryotic organelles. They detoxi-
fied destructive compounds created by rising oxygen
levels in the atmosphere. The precursors of mitochon-
dria (orange, middle) proved even more adept at protect-

ing the host cells against oxygen and offered the further
ability to generate the energy-rich molecule adenosine
triphosphate (ATP). The development of peroxisomes
and mitochondria then allowed the adoption of the pre-
cursors of plastids, such as chloroplasts (green, right),
oxygen-producing centers of photosynthesis. This final
step benefited the host cells by supplying the means to

PRECURSORS

OF PEROXISOMES

manufacture materials using the energy of sunlight.
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cluding a fenced-off nucleus, a vast net-
work of internal membranes and the
ability to catch food and digest it inter-
nally. Such progress could have taken
place by a very large number of almost
imperceptible steps, each of which en-
hanced the cell’s autonomy and provid-
ed a selective advantage. But there was
a condition. Having lost the support of
a rigid outer wall, the cell needed inner
props for its enlarging bulk.

Modern eukaryotic cells are reinforced
by fibrous and tubular structures, often
associated with tiny motor systems, that
allow the cells to move around and pow-
er their internal traffic. No counterpart
of the many proteins that make up these
systems is found in prokaryotes. Thus,
the development of the cytoskeletal sys-
tem must have required a large number
of authentic innovations. Nothing is
known about these key evolutionary
events, except that they most likely went
together with cell enlargement and mem-
brane expansion, often in pacesetting
fashion.

At the end of this long road lay the

Copyright 1996 Scientific American, Inc.

PRECURSORS
OF CHLOROPLASTS

primitive phagocyte: a cell efficiently or-
ganized to feed on bacteria, a mighty
hunter no longer condemned to reside
inside its food supply but free to roam
the world and pursue its prey actively, a
cell ready, when the time came, to be-
come the host of endosymbionts.

Such cells, which still lacked mito-
chondria and some other key organelles
characteristic of modern eukaryotes,
would be expected to have invaded
many niches and filled them with vari-
ously adapted progeny. Yet few if any
descendants of such evolutionary lines
have survived to the present day. A few
unicellular eukaryotes devoid of mito-
chondria exist, but the possibility that
their forebears once possessed mito-
chondria and lost them cannot be ex-
cluded. Thus, all eukaryotes may well
have evolved from primitive phagocytes
that incorporated the precursors to mi-
tochondria. Whether more than one
such adoption took place is still being
debated, but the majority opinion is
that mitochondria sprang from a single
stock. It would appear that the acquisi-
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EVOLUTIONARY TREE depicts major events in the history of life. This well-accept-
ed chronology has newly been challenged by Russell F. Doolittle of the University of
California at San Diego and his co-workers, who argue that the last common ancestor
of all living beings existed a little more than two billion years ago.

tion of mitochondria either saved one
eukaryotic lineage from elimination or
conferred such a tremendous selective
advantage on its beneficiaries as to drive
almost all other eukaryotes to extinc-
tion. Why then were mitochondria so
overwhelmingly important?

The Oxygen Holocaust

he primary function of mitochon-

dria in cells today is the combustion
of foodstuffs with oxygen to assemble
the energy-rich molecule adenosine tri-
phosphate (ATP). Life is vitally depen-
dent on this process, which is the main
purveyor of energy in the vast majority
of oxygen-dependent (aerobic) organ-
isms. Yet when the first cells appeared
on the earth, there was no oxygen in
the atmosphere. Free molecular oxygen
is a product of life; it began to be gener-
ated when certain photosynthetic mi-
croorganisms, called cyanobacteria, ap-
peared. These cells exploit the energy of
sunlight to extract the hydrogen they
need for self-construction from water
molecules, leaving molecular oxygen as
a by-product. Oxygen first entered the
atmosphere in appreciable quantity some
two billion years ago, progressively ris-
ing to reach a stable level about 1.5 bil-
lion years ago.

Before the appearance of atmospheric
oxygen, all forms of life must have been
adapted to an oxygen-free (anaerobic)
environment. Presumably, like the ob-
ligatory anaerobes of today, they were
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extremely sensitive to oxygen. Within
cells, oxygen readily generates several
toxic chemical groups. These cellular
poisons include the superoxide ion, the
hydroxyl radical and hydrogen perox-
ide. As oxygen concentration rose two
billion years ago, many early organisms
probably fell victim to the “oxygen hol-
ocaust.” Survivors included those cells
that found refuge in some oxygen-free
location or had developed other protec-
tion against oxygen toxicity.

These facts point to an attractive hy-
pothesis. Perhaps the phagocytic fore-
runner of eukaryotes was anaerobic and
was rescued from the oxygen crisis by
the aerobic ancestors of mitochondria:
cells that not only destroyed the danger-
ous oxygen (by converting it to innocu-
ous water) but even turned it into a tre-
mendously useful ally. This theory would
neatly account for the apparent lifesav-
ing effect of mitochondrial adoption and
has enjoyed considerable favor.

Yet there is a problem with this idea.
Adaptation to oxygen very likely took
place gradually, starting with primitive
systems of oxygen detoxification. A
considerable amount of time must have
been needed to reach the ultimate so-
phistication of modern mitochondria.
How did anaerobic phagocytes survive
during all the time it took for the ances-
tors of mitochondria to evolve?

A solution to this puzzle is suggested
by the fact that eukaryotic cells contain
other oxygen-utilizing organelles, as
widely distributed throughout the plant

Copyright 1996 Scientific American, Inc.
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and animal world as mitochondria but
much more primitive in structure and
composition. These are the peroxisomes
[see “Microbodies in the Living Cell,”
by Christian de Duve; SCIENTIFIC
AMERICAN, May 1983]. Peroxisomes,
like mitochondria, carry out a number
of oxidizing metabolic reactions. Unlike
mitochondria, however, they do not use
the energy released by these reactions to
assemble ATP but squander it as heat.
In the process, they convert oxygen to
hydrogen peroxide, but then they de-
stroy this dangerous compound with
an enzyme called catalase. Peroxisomes
also contain an enzyme that removes
the superoxide ion. They therefore
qualify eminently as primary rescuers
from oxygen toxicity.

I first made this argument in 1969,
when peroxisomes were believed to be
specialized parts of the cytomembrane
system. I thus included peroxisomes
within the general membrane expan-
sion model I had proposed for the de-
velopment of the primitive phagocyte.
Afterward, experiments by the late Bri-
an H. Poole and by Paul B. Lazarow, my
associates at the Rockefeller University,
conclusively demonstrated that peroxi-
somes are entirely unrelated to the cyto-
membrane system. Instead they acquire
their proteins much as mitochondria and
plastids do (by a process I will explain
shortly). Hence, it seemed reasonable
that all three organelles began as endo-
symbionts. So, in 1982, I revised my
original proposal and suggested that
peroxisomes might stem from primitive
aerobic bacteria that were adopted be-
fore mitochondria. These early oxygen
detoxifiers could have protected their
host cells during all the time it took for
the ancestors of mitochondria to reach
the high efficiency they possessed when
they were adopted.

So far researchers have obtained no
solid evidence to support this hypothe-
sis or, for that matter, to disprove it. Un-
like mitochondria and plastids, peroxi-
somes do not contain the remnants of
an independent genetic system. This ob-
servation nonetheless remains compati-
ble with the theory that peroxisomes de-
veloped from an endosymbiont. Mito-
chondria and plastids have lost most of
their original genes to the nucleus, and
the older peroxisomes could have lost
all their DNA by now.

Whichever way they were acquired,
peroxisomes may well have allowed ear-
ly eukaryotes to weather the oxygen cri-
sis. Their ubiquitous distribution would
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thereby be explained. The tremendous
gain in energy retrieval provided with
the coupling of the formation of ATP to
oxygen utilization would account for
the subsequent adoption of mitochon-
dria, organelles that have the additional
advantage of keeping the oxygen in
their surroundings at a much lower lev-
el than peroxisomes can maintain.

Why then did peroxisomes not disap-
pear after mitochondria were in place?
By the time eukaryotic cells acquired
mitochondria, some peroxisomal activ-
ities (for instance, the metabolism of
certain fatty acids) must have become
so vital that these primitive organelles
could not be eliminated by natural se-
lection. Hence, peroxisomes and mito-
chondria are found together in most
modern eukaryotic cells.

The other major organelles of endo-
symbiont origin are the plastids, whose
main representatives are the chloro-
plasts, the green photosynthetic organ-
elles of unicellular algae and multicellu-
lar plants. Plastids are derived from
cyanobacteria, the prokaryotes responsi-
ble for the oxygen crisis. Their adoption
as endosymbionts quite likely followed
that of mitochondria. The selective ad-
vantages that favored the adoption of
photosynthetic endosymbionts are obvi-
ous. Cells that had once needed a con-
stant food supply henceforth thrived on
nothing more than air, water, a few dis-
solved minerals and light. In fact, there
is evidence that eukaryotic cells acquired
plastids at least three separate times,
giving rise to green, red and brown algae.
Members of the first of these groups
were later to form multicellular plants.

From Prisoner to Slave

hat started as an uneasy truce
soon turned into the progressive
enslavement of the captured endosym-
biont prisoners by their phagocytic hosts.
This subjugation was achieved by the

piecemeal transfer of most of the endo-
symbionts’ genes to the host cell’s nu-
cleus. In itself, the uptake of genes by
the nucleus is not particularly extraordi-
nary. When foreign genes are intro-
duced into the cytoplasm of a cell (as in
some bioengineering experiments), they
can readily home to the nucleus and
function there. That is, they
replicate during cell division
and can serve as the master
templates for the production
of proteins. But the migra-
tion of genes from endo-
symbionts to the nucleus is
remarkable because it seems
to have raised more difficul-
ties than it solved. Once this
transfer occurred, the pro-
teins encoded by these genes
began to be manufactured in
the cytoplasm of the host
cell (where the products of
all nuclear genes are con-
structed). These molecules
had then to migrate into the
endosymbiont to be of use.
Somehow this seemingly un-
promising scheme not only
withstood the hazards of
evolution but also proved so
successful that all endosym-
bionts retaining copies of
transferred genes eventually
disappeared.

Today mitochondria, plastids and
peroxisomes acquire proteins from the
surrounding cytoplasm with the aid of
complex transport structures in their
bounding membranes. These structures
recognize parts of newly made protein
molecules as “address tags” specific to
each organelle. The transport appara-
tus then allows the appropriate mol-
ecules to travel through the membrane
with the help of energy and of special-
ized proteins (aptly called chaperones).
These systems for bringing externally
made proteins into the organelles could

S. E. FREDERICK University of Wisconsin-Madison
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conceivably have evolved from similar
systems for protein secretion that exist-
ed in the original membranes of the
endosymbionts. In their new function,
however, those systems would have to
operate from outside to inside.

The adoption of endosymbionts un-
doubtedly played a critical role in the

FOUR ORGANELLES appear in a tobacco leaf cell.
The two chloroplasts (left and bottom) and the mito-
chondrion (middle right) evolved from prokaryotic
endosymbionts. The peroxisome (center)—contain-
ing a prominent crystalline inclusion, most probably
made up of the enzyme catalase—may have derived
from an endosymbiont as well.

birth of eukaryotes. But this was not the
key event. More significant (and requir-
ing a much larger number of evolution-
ary innovations) was the long, mysteri-
ous process that made such acquisition
possible: the slow conversion, over as
long as one billion years or more, of a
prokaryotic ancestor into a large phago-
cytic microbe possessing most attributes
of modern eukaryotic cells. Science is be-
ginning to lift the veil that shrouds this
momentous transformation, without
which much of the living world, includ-
ing humans, would not exist. =
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